Introduction
============

Skeletal muscle is one of three major muscle types, is involved in body metabolism, and comprises approximately half of the total somatic mass [@B1]. Skeletal muscle myogenesis is a complex process in which mononucleated myoblasts first withdraw from the cell cycle and fuse with each other to form multinucleated myotubes, after which multinucleated myotubes undergo further cell fusion and express contractile proteins to form mature myotubes, which are subsequently transformed into contractile myofibers [@B2]-[@B4]. The process of skeletal muscle myogenesis is regulated by the MRF family, the Mef2 family and other related transcriptional factors. These regulators, including Pax3, Pax7 [@B5],[@B6], MyoD, Myf5 [@B7], [@B8], Myf6 or MRF4 [@B9], MyoG [@B10] and Mef2c [@B11], all play crucial roles in muscle growth and myogenesis. MicroRNAs (miRNAs) are short (20-24 nt) non-coding RNAs that negatively regulate gene expression via post-transcriptional mechanisms such as degradation or translational repression of target mRNAs [@B12]. Thus far, many miRNAs have been shown to regulate the proliferation and differentiation of myoblasts during muscle myogenesis. Previous studies have reported that several miRNAs, including miR-1 [@B13],[@B14], miR-133 [@B15],[@B16] and miR-206 [@B17],[@B18], are muscle-specific miRNAs because their key regulators are involved in muscle myogenesis in humans, mice and cows. Some non-specific miRNAs in muscle, such as miR-24 [@B19], miR-26a [@B20], miR-29 [@B21], miR-125b [@B22], miR-181 [@B23], miR-214 [@B24] and miR-491 [@B25], are also essential for the regulation of muscle myogenesis. For example, miR-24 can promote skeletal muscle differentiation by targeting TGF-β1 [@B19]; miR-181 has been shown to promote myoblast differentiation by down-regulating homeobox protein Hox-A11, a myogenic inhibitor [@B23]; and the overexpression of miR-491 in C2C12 myoblasts represses myogenic differentiation by targeting myomaker [@B25].

miR-487b has been identified as a tumor-related miRNA that might play an independent role in glioneuroma [@B26]. The 14q32 miRNA cluster, which includes miR-487b, is highly involved in neovascularization, and inhibition of miR-487b may be a promising strategy for future therapeutic neovascularization and blood flow recovery [@B27]. Furthermore, miR-487b also acts as a negative regulator during macrophage activation [@B28]. miR-487b-5p and miR-487b-3p comprise the miR-487b family and are derived from the miR-487b precursor (based on the miRbase). However, little is known about the function of miR-487b-3p and its regulation in skeletal muscle myogenesis. Insulin and insulin-like growth factor-1 (IGF-1) receptors are tyrosine kinases that can phosphorylate various signaling proteins, including insulin receptor substrate 1 (IRS1). IRS1 plays a key role in insulin-Ras-MAPK signaling, which transmit signals from IGF-1 receptors to the intracellular PI3K/Akt and MAPK/Erk pathways [@B29]. A recent study showed that IRS1 up-regulation promoted cell proliferation and metastasis in pancreatic cancer cells. Conversely, IRS1 inhibition considerably reduced pancreatic cancer cell proliferation, migration and invasion [@B30]. Moreover, IRS1 also serves as an enhancer during the IGF-I response in mutant breast cancer cells [@B31]. These reports demonstrate that IRS1 plays a significant role in the regulation of cell growth and development.

According to our previous high-throughput sequencing results, miR-487b-3p was significantly differentially expressed at two distinct stages of goat muscle development and myogenesis (from the fetal stage to the six-months postnatal stage) [@B32]. In the present study, we explored the role of miR-487b-3p in regulating C2C12 myoblast proliferation and differentiation. We found that miR-487b-3p serves as a negative regulator of skeletal myogenesis. Furthermore, we confirmed that miR-487b-3p inhibits C2C12 myoblast proliferation and differentiation by directly targeting the 3\'-UTR of IRS1 mRNA. Additionally, we demonstrated the function of IRS1 during C2C12 myoblast proliferation and differentiation by using siRNA to silence endogenous IRS1. In total, our studies offer numerous insights into the regulation of miR-487b-3p in skeletal muscle myogenesis and reveal a miRNA-related regulatory link between miR-487b-3p and the PI3K/Akt and MAPK/Erk pathways during myogenesis.

Materials and Methods
=====================

Animal tissue sample collection
-------------------------------

Xuhuai goats were obtained from a farm (Suining Country, Jiangsu Province, China) at the goat breeding cooperation center (Xuzhou, Jiangsu Province, China). Heart, liver, spleen, lung, kidney, small intestine, longissimus dorsi and leg muscle tissue samples were collected from three Xuhuai goat fetuses (90 days) and three mature goats (2 years). All tissue samples were immediately frozen in liquid nitrogen after harvesting.

Expression profiling and miRNA target prediction
------------------------------------------------

Total RNA was extracted from the tissue samples using TRIzol (Takara; Japan) and reverse transcribed to cDNA using the PrimeScript RT reagent kit (Perfect Real Time, Takara; Japan), which was used to perform the RT-qPCR of all tissues at both stages. The primers for miR-487b-3p are listed in Table [1](#T1){ref-type="table"}, and 18S-rRNA was used as an internal normalization control for miRNA measurements.

The TargetScan program (<http://www.targetscan.org>) was employed to predict the targets of miR-487b-3p. The target gene IRS1 was selected based on TargetScan, KEGG (<http://www.genome.jp/kegg>) and David Bioinformatics analysis (<https://david.ncifcrf.gov/>).

Plasmid construction
--------------------

The stem-loop sequence of miR-487b-3p from miRBase (<http://www.mirbase.org>) was cloned into the *Hind*III and *Xba*I sites of pcDNA3.1 to construct pcDNA3.1(+)-miR-487b-3p. The 3\'-UTR of *IRS1* from NCBI (<https://www.ncbi.nlm.nih.gov/>) containing the binding site of miR-487b-3p was amplified from Xuhuai goat genomic DNA and then cloned into the luciferase reporter vector psiCheck-2 (Promega; USA) using the *Xho*I and *Not*I restriction sites. The mutant *IRS1* 3\'-UTR luciferase reporter was obtained by changing the miR-487b-3p binding site from GTACGAT to GATGGAT. The primers used in plasmid construction are shown in Table [2](#T2){ref-type="table"}.

Cell culture and transfection
-----------------------------

HEK293T and murine C2C12 myoblasts were cultured in GM consisting of DMEM (Gibco; USA) supplemented with 10% FBS (Gibco; USA) and 1% penicillin-streptomycin (Invitrogen; USA) at 37°C with 5% CO~2~. Differentiation of C2C12 myoblasts was induced by DM containing DMEM supplemented with 2% horse serum (Gibco; USA) and 1% penicillin-streptomycin. All cell cultures were performed at least in triplicate.

C2C12 myoblasts were cultured in 6-well plates (Corning; USA). The effects of miR-487b-3p were examined during skeletal myogenesis by transfecting pcDNA3.1(+)-miR-487b-3p (Table [2](#T2){ref-type="table"}) and miR-487b-3p mimics (double-stranded RNA oligonucleotides), double-stranded negative control (NC), 2′-O-methylated miR-487b-3p inhibitors (inhibitors) and anti-negative control (anti-NC) purchased from GenePharma (GenePharma; China) (Table [3](#T3){ref-type="table"}) into the C2C12 myoblasts using Lipo (Lipofectamine 2000 Invitrogen; USA) following the manufacturer\'s instructions. Transfection was performed when the cell density reached 70-80% confluence, and the cells were then cultured in Opti-MEM medium (Gibco; USA). After 6 h, the medium was replaced with DM for 7 days. The cells were collected at 2-day intervals.

Cell proliferation assay
------------------------

First, C2C12 myoblasts were cultured in 6-well plates (Corning; USA) with GM. When the cell density reached 70-80% confluence, pcDNA3.1(+)-miR-487b-3p, miR-487b-3p mimics, NC, miR-487b-3p inhibitors and anti-NC were separately transfected using Lipo following the manufacturer\'s instructions. After transfection for 6 h, the medium was changed to fresh GM for 24h and 48 h. The cells were collected at 24-h intervals. MyoD, Pax7, and PCNA were detected by RT-qPCR and western blotting to analyze C2C12 myoblast proliferation. Second, C2C12 myoblasts transfected with RNA oligonucleotides (Table [3](#T3){ref-type="table"}) were seeded at 1.0×10^5^ cells/well in a 24-well plate (Corning; USA) and cultured in GM for 24 h and 48 h. Cell growth was examined by Cell Counting Kit-8 (CCK-8) reagent (EnoGene; China) at 24-h intervals. Then, the absorbance was measured at 450 nm on a Varioskan LUX Multimode Microplate Reader (Thermo Scientific; USA). Third, a 5-ethynyl-2′-deoxyuridine (EdU) cell proliferation assay (RiboBio; China) was used to measure C2C12 myoblast proliferation according to the manufacturer\'s protocols. C2C12 myoblasts were seeded in a 24-well plate and transfected with RNA oligonucleotides (Table [3](#T3){ref-type="table"}) and pcDNA3.1(+)-miR-487b-3p. Briefly, after being maintained in GM for 24 h, the cells were incubated for 2 h with medium containing 50μM EdU prior to immunostaining. Images were collected using a fluorescence microscope (Olympus; Japan). The ratio of EdU-positive cells was calculated as (EdU-positive cells/Hoechst stained cells) ×100%.

RNA isolation, RT-PCR and RT-q-PCR
----------------------------------

Total RNA was extracted from HEK293T and C2C12 myoblasts using TRIzol reagent (Takara; Japan) according to the manufacturer\'s instructions. For mRNA quantification, 1 μL of total RNA (1000 ng/μL) was reverse transcribed into cDNA using the PrimeScript RT kit (Takara; Japan) and then quantified on an ABI Step One Plus Real-Time PCR system (Applied Biosystems; USA) with SYBR Green II Master Mix Reagent Kit (Takara; Japan) according to the manufacturer\'s protocols. For miR-487b-3p quantification, a miRNA stem-loop primer and a pair of primers (Table [1](#T1){ref-type="table"}) were designed for miRNA reverse transcription and RT-qPCR, respectively. The miR-487b-3p stem-loop was reverse transcribed using the PrimeScript RT reagent kit and quantified by RT-qPCR using SYBR Green II Master Mix Reagent Kit. β-actin and 18S-rRNA were used as internal normalization controls. The cycling conditions were as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, and then 60°C for 1 min. Relative gene expression was determined using the 2^-ΔΔCt^ method.

RNAi and western blotting
-------------------------

siRNA against mouse *IRS1* and a siRNA control (a non-specific duplex) were purchased from RiboBio (China). Transfection was performed using the Lipo reagent combined with 100 nM siRNA. All procedures were performed according to the manufacturer\'s protocols.

Total protein was extracted from C2C12 myoblasts from each group using RIPA Lysis Buffer (Solarbio; China) supplemented with 1% PMSF (Solarbio; China) on ice for 25 min. Protein fractions were collected by centrifugation at 13,000 g at 4°C for 5 min and qualified using a BCA protein assay kit (Solarbio; China). For each line, 20 μg of proteins was separated via 8% or 12% SDS-PAGE and transferred to polyvinylidene fluoride membranes. Then, the membranes were blocked with 5% skim milk and subsequently incubated overnight at 4°C with primary antibodies against Myf5 (MW: 28 kDa; Abscience; USA; 1:1000 dilution), Mef2c (MW: 51 kDa; Abscience; USA; 1:1000 dilution), MyoG (MW: 25 kDa; Abscience; USA; 1:1000 dilution), MyoD (MW: 35 kDa; Abscience; USA; 1:1000 dilution), Pax7 (MW: 57 kDa; EnoGene; China; 1:1000 dilution), PCNA (MW: 36 kDa; EnoGene; China; 1:1000 dilution), IRS1 (MW:130 kDa; Abscience; USA; 1:1000 dilution) and β-tubulin (MW: 55 kDa; Abscience; USA; 1:1000 dilution). Then, the membranes were washed with 1×TBST and incubated with secondary antibodies (anti-rabbit IgG or anti-Goat IgG; ZSGB-BIO; China; 1:5000 dilution) conjugated to horseradish peroxidase. Protein bands were visualized using enhanced ECL reagents (Willget; China). β-tubulin was used as the loading control. Protein image acquisition was performed on the FluorChem M system (ProteinSimple; USA), and images were analyzed with Image-Pro Plus software.

Dual-luciferase reporter assay
------------------------------

Wild-type and mutant *IRS1* 3\'-UTR sequences were amplified and then cloned downstream of the Renilla luciferase open reading frame. Approximately 0.2 μg of wild-type or mutant 3\'-UTR vector and 100 pmol of miR-487b-3p mimics or NC were co-transfected into HEK293T cells using Lipo following the manufacturer\'s protocol in 24-well plates; 0.2 μg of wild-type or mutant 3\'-UTR vector and 0.8 μg of pcDNA3.1(+)-miR-487b-3p plasmid or pcDNA3.1(+) plasmid were co-transfected into HEK293T cells using Lipo following the manufacturer\'s protocol in 24-well plates. After transfection for 48 h, relative luciferase activity was quantified using a Dual-Luciferase Reporter Assay (TransGen; China) according to the manufacturer\'s protocols. Firefly and Renilla luciferase imaging was performed using a Varioskan LUX Multimode Microplate Reader (Thermo-Scientific; USA), and firefly luciferase activity was normalized to that of Renilla luciferase.

Statistical analysis
--------------------

All data are shown as the mean ± SEM and are based on at least three replicates for each treatment. One-way ANOVA and t-tests were used for statistical analysis in SPSS 22 software and Origin 7.5, respectively. Differences were regarded as significant at *P* \< 0.05. ^\*^*P*\< 0.05, and ^\*\*^*P*\< 0.01.

Results
=======

Expression profile of miR-487b-3p in Xuhuai goat
------------------------------------------------

miR-487b-3p is located on Chromosome 21 and the 22 nucleotides comprising goat mature miR-487b-3p are completely conserved across species according to the miRBase database ([www.mirbase.org/](http://www.mirbase.org/)) and UCSC(<http://genome.ucsc.edu/>). RT-qPCR analysis of miR-487b-3p levels was performed in various fetal and mature goat tissues to investigate the expression profile of miR-487b-3p in goat tissues and explore the potential function of goat miR-487b-3p. Difference analysis showed that miR-487b-3p expression was high in skeletal muscle tissue and was significantly different from that in most other tissues in fetal goat (Figure [1](#F1){ref-type="fig"}A) and mature goat (Figure [1](#F1){ref-type="fig"}B). These results suggested that miR-487b-3p may have potential roles in skeletal muscle development and myogenesis. Moreover, a significant difference in miR-487b-3p expression was observed between muscle tissues from fetal and mature Xuhuai goat (Figure [1](#F1){ref-type="fig"}C), implying that miR-487b-3p is differentially expressed in muscle cells. Thus, miR-487b-3p was selected as a candidate miRNA for further studies of skeletal muscle myogenesis.

miR-487b-3p negatively regulates myoblast differentiation
---------------------------------------------------------

Mouse C2C12 myoblasts were chosen as a myogenesis model to investigate the potential role of miR-487b-3p [@B33]. First, we examined miR-487b-3p expression levels during C2C12 myoblast differentiation. miR-487b-3p levels increased from D0 to D1 and decreased from D1 to D7 during C2C12 cell differentiation (Figure [2](#F2){ref-type="fig"}A), which was one period of myogenesis. We detected the effects of a synthetic RNA duplex of miR-487b-3p mimics, inhibitors and the constructed pcDNA3.1(+)-miR-487b-3p plasmid by introducing these reagents into C2C12 myoblasts and then inducing myoblast differentiation. The delivery of these duplexes was highly effective, increasing or reducing cellular miR-487b-3p levels by \>10-fold (Figure [2](#F2){ref-type="fig"}B, C).

We further examined the function of miR-487b-3p in myogenic differentiation by introducing miR-487b-3p mimics, NC, miR-487b-3p inhibitors or anti-NC into C2C12 myoblasts. C2C12 myoblasts were transfected with miR-487b-3p mimics or inhibitors in GM, and the cells were then induced to differentiate in DM. Cells were collected for RT-qPCR and western blotting analysis against Myf5, MyoG, and Mef2c, which are markers of differentiation, on the 1st, 3rd, 5th and 7th day of differentiation. miR-487b-3p overexpression markedly down-regulated Myf5, MyoG and Mef2c mRNA levels at D1, D3, D5 and D7 in DM. In contrast, miR-487b-3p inhibition enhanced the mRNA expression of myogenic differentiation markers (Myf5, MyoG and Mef2c) at D1, D3, D5 and D7 in DM (Figure [2](#F2){ref-type="fig"}D-G). Similarly, a significant decrease Myf5, MyoG and Mef2c protein levels was observed on days 1, 3, 5 and 7 of differentiation after miR-487b-3p overexpression, whereas miR-487b-3p inhibition enhanced the protein expression of myogenic differentiation markers, which was accompanied by the enhanced expression of myogenic marker (Myf5, MyoG and Mef2c) mRNA on days 1, 3, 5 and 7 of differentiation (Figure [3](#F3){ref-type="fig"}). Taken together, these results indicated that miR-487b-3p plays a negative role in the myogenic differentiation erentiation of C2C12 myoblasts.

miR-487b-3p suppresses C2C12 myoblast proliferation
---------------------------------------------------

Next, we examined the role of miR-487b-3p in C2C12 myoblast proliferation. We found that MyoD mRNA expression decreased in miR-487b-3p mimics-treated cells at 24 h and 48 h but increased with miR-487b-3p inhibitors treatment at 24 h and 48 h in GM. The mRNA levels of Pax7 and PCNA, which are markers of proliferation, significantly decreased in miR-487b-3p mimics-treated cells at 24 h and 48 h but significantly increased with miR-487b-3p inhibitors treatment at 24 h and 48 h in GM (Figure [4](#F4){ref-type="fig"}A, B). Similarly, MyoD, Pax7 and PCNA protein levels significantly decreased in the miR-487b-3p mimics-treated group but significantly increased in the miR-487b-3p inhibitors-treated group at 24 h (Figure [4](#F4){ref-type="fig"}C, D) and 48 h in GM (Figure [4](#F4){ref-type="fig"}E, F). Second, the CCK-8 assay further confirmed that miR-487b-3p mimics inhibited C2C12 myoblast proliferation and that miR-487b-3p inhibitors promoted C2C12 myoblast proliferation at 24 h and 48 h (Figure [4](#F4){ref-type="fig"}G). Moreover, we also examined the role of miR-487b-3p in C2C12 myoblast proliferation using EdU cell proliferation assays. The number of EdU-positive cells significantly decreased in the miR-487b-3p mimics-treated group compared with that in the miR-487b-3p NC counterparts but was substantially increased in miR-487b-3p inhibitors-treated cells compared with that in the miR-487b-3p anti-NC controls (Figure [4](#F4){ref-type="fig"}H, I). Together, these results indicated that miR-487b-3p suppresses C2C12 myoblast proliferation.

Ectopic miR-487b-3p expression inhibits C2C12 myoblast differentiation and proliferation
----------------------------------------------------------------------------------------

We constructed the pcDNA3.1(+)-miR-487b-3p plasmid to detect the role of miR-487b-3p precursor during C2C12 myoblast proliferation and differentiation. pcDNA3.1(+)-miR-487b-3p was transfected into C2C12 myoblasts to increase the expression of miR-487b-3p. miR-487b-3p expression was higher in pcDNA3.1(+)-miR-487b-3p-transfected cells than in the control or pcDNA3.1(+) plasmid groups, as detected by RT-qPCR (Figure [2](#F2){ref-type="fig"}C). Next, pcDNA3.1(+)-miR-487b-3p was transfected into C2C12 myoblasts in GM, and then the cells were induced to differentiate in DM. Myf5, MyoG and Mef2c mRNA (Figure [5](#F5){ref-type="fig"}A) and protein (Figure [5](#F5){ref-type="fig"}B, C) levels were detected to assess the effect of miR-487b-3p on C2C12 myoblasts. pcDNA3.1(+)-miR-487b-3p expression appreciably decreased the expression of Myf5, MyoG and Mef2c at D1, D3, D5 and D7 in DM and inhibited C2C12 myoblast differentiation.

pcDNA3.1(+)-miR-487b-3p was transfected into C2C12 myoblasts in GM to explore the role of the miR-487b-3p precursor during C2C12 myoblast proliferation. MyoD, Pax7 and PCNA mRNA and protein expression were examined after transfection with pcDNA3.1(+)-miR-487b-3p at 24 h and 48 h in GM. The pcDNA3.1(+)-miR-487b-3p plasmid significantly down-regulated MyoD, Pax7 and PCNA expression at 24 h (Figure [5](#F5){ref-type="fig"}D, E) and 48 h (Figure [5](#F5){ref-type="fig"}F, G). Meanwhile, EdU cell proliferation assay showed that pcDNA3.1(+)-miR-487b-3p decreased the proportion of EdU-positive cells (Figure [5](#F5){ref-type="fig"}H, I). Taken together, these results suggested that the miR-487b-3p precursor was able to inhibit C2C12 myoblast differentiation and proliferation, consistent with the role of miR-487b-3p mimics in C2C12 myoblast differentiation and proliferation.

miR-487b-3p directly targets the 3\'-UTR of *IRS1*
--------------------------------------------------

We explored the mechanisms of miR-487b-3p by searching for miR-487b-3p target genes. According to bioinformatics predictions (Target Scan: <http://www.targetscan.org/vert_71>; David: <https://david.ncifcrf.gov/>; KEGG Analysis: <http://www.genome.jp/kegg/pathway.html>), IRS1 was among the target genes of miR-487b-3p. We found that miR-487b-3p seed sequences were conserved and that IRS1 mRNA contained a highly conserved binding site capable of binding to the seed sequence of miR-487b-3p (Figure [6](#F6){ref-type="fig"}A, B). IRS1 plays a key role in transmitting signals from IGF-1 receptors. Some research has suggested that IRS1-Akt2 signaling plays an important role in myoblast differentiation and glucose metabolism [@B34],[@B35]. IRS1 is also known to enhance gene transcription by binding to RNA polymerases I and II and can have a positive effect on cell growth and proliferation [@B36],[@B37].

We investigated whether IRS1 is a direct target gene of miR-487b-3p by introducing miR-487b-3p mimics, NC, miR-487b-3p inhibitors, anti-NC and pcDNA3.1(+)-miR-487b-3p plasmid into C2C12 myoblasts in GM and then inducing cell differentiation in DM. IRS1 mRNA and protein expression was detected to assess the relationship between IRS1 and miR-487b-3p. The results showed that miR-487b-3p up-regulation markedly decreased IRS1 mRNA and protein expression on days 1, 3, 5 and 7 during C2C12 myoblast differentiation. Conversely, miR-487b-3p inhibition significantly accelerated IRS1 mRNA (Figure [6](#F6){ref-type="fig"}C) and protein expression (Figure [6](#F6){ref-type="fig"}D, E). These results indicated that miR-487b-3p induction repressed IRS1 mRNA and protein expression in C2C12 myoblasts. Furthermore, we constructed double-luciferase reporters that included a fragment of wild-type or mutant *IRS1* 3\'-UTR. The miR-487b-3p mimics or NC with pcDNA3.1(+) or pcDNA3.1(+)-miR-487b-3p were co-transfected with wild-type or mutant *IRS1* 3\'-UTR double-luciferase reporters into HEK-293T cells, a model cell line that has stable transfection efficiency. The results showed that, compared with NC, miR-487b-3p significantly reduced the luciferase activity of the wild-type *IRS1* reporter, whereas no obvious reduction in luciferase activity was observed with the mutant *IRS1* reporter (Figure [6](#F6){ref-type="fig"}F). Similar results were obtained after transfection with pcDNA3.1(+)-miR-487b-3p and pcDNA3.1(+) (Figure [6](#F6){ref-type="fig"}G). This result confirmed that miR-487b-3p directly targets the 3′-UTR of *IRS1*. In conclusion, these results suggested that miR-487b-3p regulates IRS1 mRNA and protein expression by directly targeting the mRNA 3\'-UTR.

Silencing IRS1 expression represses C2C12 myoblast proliferation and differentiation
------------------------------------------------------------------------------------

We further examined the role of IRS1 during C2C12 myoblast proliferation and differentiation by silencing endogenous IRS1 in C2C12 myoblasts using synthetic siRNA, the sequences of which were also highly conserved in goat. IRS1 mRNA expression was considerably lower in the si-IRS1-3 group than in the blank, Lipo, si-NC, si-IRS1-1 and si-IRS1-2 groups as detected by RT-qPCR (Figure [7](#F7){ref-type="fig"}A). Moreover, si-IRS1-3 protein expression was significantly diminished at 24 h, 48 h and 72 h in GM (Figure [7](#F7){ref-type="fig"}B, C). These results showed that endogenous IRS1 expression was successfully inhibited by si-IRS1-3 in C2C12 myoblasts. Furthermore, IRS1 reduction by transfection with si-IRS1-3 repressed C2C12 myoblast proliferation and differentiation and was accompanied by the down-regulation of proliferation and differentiation marker gene expression. si-IRS1-3 down-regulated MyoD, Pax7 and PCNA protein expression at 24 h and 48 h in GM (Figure [7](#F7){ref-type="fig"}D, E), which was very similar to the impact of miR-487b-3p overexpression during C2C12 myoblast proliferation. Meanwhile, Myf5, MyoG and Mef2c protein expression was reduced after transfection with si-IRS1-3 on days 2 and 3 of C2C12 myoblasts in DM (Figure [7](#F7){ref-type="fig"}F, G), consistent with the impact of miR-487b-3p overexpression during C2C12 myoblast differentiation. Moreover, we also examined the effect of si-IRS1-3 on C2C12 myoblast proliferation using EdU cell proliferation assays. Compared with the si-NC control, si-IRS1-3 decreased the proportion of EdU-positive cells (Figure [7](#F7){ref-type="fig"}H, I). These results indicated that silencing endogenous IRS1 expression repressed C2C12 myoblast proliferation and differentiation.

Discussion
==========

miR-487b-3p expression levels were markedly higher in skeletal muscle than in other examined tissues, which was consistent with our previous high-throughput sequencing results in Xuhuai goat skeletal muscle [@B32]. These results suggested that miR-487b-3p might be involved in skeletal muscle myogenesis, similar to other muscle-specific miRNAs or muscle non-specific miRNAs [@B38],[@B39]. Recent work has shown that miR-487b overexpression can suppress the tumorigenesis of colon cancer cells by targeting GRM3 [@B40], which may be related to the high levels of miR-487b-3p expression in fetal small intestine, as shown in our research (Figure [1](#F1){ref-type="fig"}A). Moreover, inhibiting miR-487b expression may increase cell invasion, tumorigenicity and proliferation. Consequently, miR-487b expression delays cell growth in cultured lung cancer cells in vitro [@B41]. However, miR-487b can promote the proliferation, migration, invasion and tube formation of umbilical vein endothelial cells by targeting THSB1 in angiogenesis, suggesting that miR-487b can facilitate recovery after vascular injury. This study also indicated that miR-487b can serve as a potential diagnostic marker for cardiovascular diseases [@B42]. These studies have shown different functions of miR-487b in cancers or cardiovascular diseases.

miR-487b-3p is a member of the miR-487b family. miR-487b-3p expression was down-regulated during C2C12 myoblast differentiation (Figure [2](#F2){ref-type="fig"}A), much like miR-221/222 and miR-125b, whose expression has been reported to decrease during myogenic differentiation and to negatively regulate myoblast differentiation [@B43],[@B22]. These phenomena suggested that miR-487b-3p may also be relevant to skeletal muscle myogenesis. Here, our studies showed that miR-487b-3p overexpression represses the expression of functional genes related to myogenic proliferation (MyoD, Pax7, and PCNA) and differentiation (Myf5, MyoG, and Mef2c), suggesting that miR-487b-3p up-regulation inhibits skeletal muscle proliferation and differentiation; however, miR-487b-3p inhibition accelerated the expression of functional genes related to proliferation (MyoD, Pax7, and PCNA) and differentiation (Myf5, MyoG, and Mef2c) at both the mRNA and protein level, which may show that miR-487b-3p down-regulation can promote skeletal muscle proliferation and differentiation. Meanwhile, EdU assays showed that miR-487b-3p overexpression decreased the proportion of EdU-positive cells, whereas miR-487b-3p inhibition increased the proportion of EdU-positive cells. These results indicate that miR-487b-3p inhibits skeletal muscle proliferation and differentiation. In contrast to miR-487b-3p, miR-214 expression has been shown to increase and to positively regulate C2C12 myoblast proliferation and differentiation [@B44]. More interestingly, some miRNAs can accelerate myoblast proliferation while negatively regulating myoblast differentiation, or vice versa, such as miR-192 [@B45] and miR-206 [@B18]. These facts indicated that different miRNAs play diverse regulatory roles upon skeletal muscle myogenesis.

The PI3K/Akt and MAPK/Erk pathways couple signals from cell-surface receptors to transcription factors, which regulate gene expression. Some studies have reported an effect on PI3K/Akt and MAPK/Erk pathways during myogenesis and myotube fusion [@B46],[@B47]. Activation or inhibition of PI3K/Akt and MAPK/Erk signaling can stimulate or suppress myogenic cell proliferation, differentiation and survival [@B48],[@B49]. IRS1, which functions as a crucial signaling effector in the PI3K/Akt and MAPK/Erk pathways [@B50], was identified as a target gene of miR-487b-3p by bioinformatics analysis, RT-qPCR, western blotting and dual-luciferase reporter gene assay in our study. Previous studies indicated that IRS1 can harmonize skeletal muscle growth and metabolism via the Akt and AMPK pathways and serve as a key factor in inducing myoblast proliferation and myotube hypertrophy by increasing phospho-Akt levels [@B30],[@B51], suggesting that the miR-487b-3p---IRS1 relationship is a critical regulator of skeletal muscle myogenesis. Here, we used siRNA-mediated IRS1 knockdown experiments to investigate the role of IRS1 in myoblast proliferation and differentiation. We found that knocking down IRS1 suppressed the expression of functional genes related to proliferation (MyoD, Pax7, and PCNA) and differentiation (Myf5, MyoG, and Mef2c) at the mRNA and protein level. EdU assays also showed compared with the si-NC control, IRS1 knockdown decreased the number EdU-positive cells. These results revealed that IRS1 plays a critical role in the regulation of myoblast proliferation and differentiation via the PI3K/Akt and MAPK/Erk pathways.

In conclusion, our results indicated that miR-487b-3p is important for myogenic proliferation and differentiation and can inhibit C2C12 myoblast proliferation, differentiation and myogenesis. Myogenic proliferation and differentiation were delayed by miR-487b-3p overexpression and were promoted by miR-487b-3p inhibition. We also determined that miR-487b-3p can directly target the *IRS1* gene during myogenesis and that IRS1 knockdown significantly represses myogenic proliferation and differentiation. These results reveal a miRNA-related regulatory link between miR-487b-3p and the PI3K/Akt and MAPK/Erk pathways during myogenic proliferation and differentiation in which IRS1 plays a vital role, offering crucial insights into the role of miR-487b-3p in skeletal muscle myogenesis. Subsequent studies will replace C2C12 myoblasts with satellite cells from goat skeletal muscles to further characterize the role of miR-487b-3p in skeletal muscle myogenesis (including proliferation and differentiation).
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IRS1

:   insulin receptor substrate 1

MRFs

:   myogenic regulatory factors

Pax3

:   paired box protein pax-3

Pax7

:   paired box protein pax-7

MyoD

:   myogenic differentiation 1

Myf5

:   myogenic factor 5

Myf6

:   myogenic factor 6

MyoG

:   myogenin

Mef2c

:   myocyte-specific enhancer factor 2c

IGF-I

:   insulin-like growth factor-1

TGF-β1

:   transforming growth factor beta 1

Hox-A11

:   homeobox protein A11

HEK293T

:   human embryonic kidney 293T cells

GM

:   growth medium

DM

:   differentiation medium

FBS

:   fetal bovine serum

DMEM

:   Dulbecco\'s modified eagle\'s medium

Mimics

:   miR-487b-3p mimics---double-stranded RNA oligonucleotides

NC

:   double-stranded negative control

Inhibitors

:   2′-O-methyl antisense oligonucleotides against miR-487b-3p

Anti-NC

:   anti-negative control

CCK-8

:   cell counting kit-8 reagent

EdU

:   5-Ethynyl-2′-deoxyuridine

RT-PCR

:   reverse transcription PCR

RT-qPCR

:   quantitative real-time PCR

RIPA

:   radio immunoprecipitation assay

PMSF

:   phenylmethanesulfonyl fluoride

SDS-PAGE

:   sodium dodecyl sulfate---polyacrylamide gel electrophoresis

TBST

:   tris-buffered saline and tween 20

ANOVA

:   analysis of variance

GRM3

:   glutamate metabotropic receptor 3

THBS1

:   thrombospondin 1.

![**miR-487b-3p expression profile in the developing Xuhuai goat. (A)** Tissue distribution of miR-487b-3p detected by RT-qPCR in fetal goat. **(B)** Tissue distribution of miR-487b-3p detected by RT-qPCR in mature goat. **(C)** The differences in muscle tissue miR-487b-3p expression between fetal and mature goat. The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \*\* *P*\<0.01.](ijbsv14p0760g001){#F1}

![**miR-487b-3p expression and regulation during myogenic differentiation of C2C12 myoblasts. (A)** Relative expression of miR-487b-3p at D0, D1, D3, D5, and D7 was examined by RT-qPCR; D0, 1, 3, 5, and 7 indicate DM for 0, 1st, 3rd, 5th, and 7th day, respectively. **(B)** miR-487b-3p expression after transfection with miR-487b-3p mimics (Mimics), negative control (NC), 2\'-O-methylated oligonucleotides against miR-487b-3p (Inhibitors), and single-stranded negative control (anti-NC) determined by RT-qPCR 48 h after transfection. **(C)** miR-487b-3p expression after transfection with pcDNA3.1(+) plasmid and pcDNA3.1(+)-miR-487b-3p determined by RT-qPCR 48 h after transfection. **(D-G)** Myf5, MyoG, and Mef2c mRNA expression at D1 (D), D3 (E), D5 (F), and D7 (G) after transfection with Mimics, NC, Inhibitors, and anti-NC determined by RT-qPCR in DM. The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01.](ijbsv14p0760g002){#F2}

![**miR-487b-3p inhibits myogenic differentiation in C2C12 myoblasts. (A-G)** Protein expression of marker genes (Myf5 (28 kDa; 1:1000 dilution), MyoG (25 kDa; 1:1000 dilution) and Mef2c (51 kDa; 1:1000 dilution)) at D1 (A, B), D3 (C, D), D5 (E, F) and D7 (G, H) was measured after transfection with miR-487b-3p mimics (Mimics), negative control (NC), 2\'-O-methylated oligonucleotides against miR-487b-3p (Inhibitors) and single-stranded negative control (Anti-NC) in DM. β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. D1, 3, 5, and 7 indicate DM for 1, 3, 5, and 7 days, respectively. The results are shown as the mean ± SEM of three independent replicates and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01.](ijbsv14p0760g003){#F3}

![**miR-487b-3p suppresses C2C12 myoblast proliferation. (A, B)** MyoD, Pax7, and PCNA mRNA expression after transfection with miR-487b-3p mimics (Mimics), negative control (NC), 2\'-O-methylated oligonucleotides against miR-487b-3p (Inhibitors), and single-stranded negative control (Anti-NC) in GM at 24 h and 48 h. **(C-F)** MyoD (35 kDa; 1:1000 dilution), Pax7 (57 kDa; 1:1000 dilution), and PCNA (36 kDa; 1:1000 dilution) protein expression after transfection with miR-487b-3p mimics, NC, Inhibitors and Anti-NC in GM at 24 h (C, D) and 48 h (E, F). β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. **(G)** CCK-8 assay of C2C12 myoblasts at 24 h and 48 h after transfection with miR-487b-3p Mimics, NC, miR-487b-3p Inhibitors and Anti-NC. **(H)** Representative images of EdU assay of C2C12 myoblasts at 24 h after transfection with Mimics, NC, Inhibitors, Anti-NC in GM. Bars, 100 μm. **(I)** Quantification of EdU-positive cells(n=6). The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01.](ijbsv14p0760g004){#F4}

![**Ectopic miR-487b-3p expression inhibits proliferation and differentiation in C2C12 myoblasts. (A)** Myf5, MyoG, and Mef2c expression at D1, D3, D5, and D7 after transfection with pcDNA3.1 (+)-miR-487b-3p determined by RT-qPCR in DM. **(B, C)** Myf5 (28 kDa; 1:1000 dilution), MyoG (25 kDa; 1:1000 dilution) and Mef2c (51 kDa; 1:1000 dilution) protein levels were measured following overexpression of miR-487b-3p with pcDNA3.1(+)-miR-487b-3p in DM at D1, D3, D5 and D7. β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. **(D)** MyoD, Pax7, and PCNA mRNA levels after transfection with pcDNA3.1 (+)-miR-487b-3p in GM at 24 h and 48 h. **(E)** Relative MyoD, Pax7, and PCNA protein expression after transfection with pcDNA3.1 (+)-miR-487b-3p in GM at 24 h and 48 h. **(F, G)** MyoD (35 kDa; 1:1000 dilution), Pax7 (57 kDa; 1:1000 dilution), and PCNA (36 kDa; 1:1000 dilution) protein expression after transfection with pcDNA3.1 (+)-miR-487b-3p in GM at 24 h and 48 h. β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. **(H)** Representative images of EdU assays of C2C12 myoblasts at 24 h after transfection with pcDNA3.1 (+)-miR-487b-3p. Bars, 100 μm. **(I)** Quantification of EdU-positive cells (n=6). D1, 3, 5, and 7 indicate DM for 1, 3, 5, and 7 days, respectively. The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01.](ijbsv14p0760g005){#F5}

![**miR-487b-3p suppresses IRS1 expression by directly targeting its 3\'-UTR. (A)** Conservation of miR-487b-3p and its binding site (red) in nine species. **(B)** The predicted binding site (blue) and mutated site (red) of miR-487b-3p in the 3′-UTR of goat IRS1 and other animals. **(C)** IRS1 mRNA expression during C2C12 myoblast differentiation after transfection with miR-487b-3p mimics, miR-487b-3p inhibitors or pcDNA3.1(+)-miR-487b-3p by RT-qPCR; total RNA was harvested at D1, D3, D5, and D7 after transfection. **(D, E)** IRS1 (130 kDa; 1:1000 dilution) protein expression was examined after transfection with miR-487b-3p mimics, miR-487b-3p inhibitors or pcDNA3.1(+)-miR-487b-3p in DM at D1, D3, D5, and D7. β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. F and G, Dual-luciferase activity assay of wild-type or mutant 3′-UTR of IRS1. **(F)** miR-487b-3p mimics (Mimics) or NC were co-transfected with wild-type or mutant IRS1 3′-UTR luciferase reporters in HEK293T cells. **(G)** pcDNA3.1(+)-miR-487b-3p or pcDNA3.1(+) plasmid were co-transfected with wild-type or mutant IRS1 3′-UTR luciferase reporters in HEK293T cells. D1, 3, 5, and 7 indicate DM for 1, 3, 5, and 7 days, respectively. The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01.](ijbsv14p0760g006){#F6}

![**IRS1 knockdown inhibits proliferation and differentiation in cultured C2C12 myoblasts. (A)** IRS1 expression was measured after transfection with siRNA control (si-NC), Lipo (lipofectamine 2000), si-IRS1-1, si-IRS1-2 and si-IRS1-3 in GM at 24 h. **(B, C)** IRS1 (130 kDa; 1:1000 dilution) protein expression was examined after transfection with siRNA control (si-NC), si-IRS1-3 in GM at 24 h, 48 h and 72 h. **(D, E)** MyoD (35 kDa; 1:1000 dilution), Pax7 (57 kDa; 1:1000 dilution), and PCNA (36 kDa; 1:1000 dilution) protein expression was examined after transfection with siRNA control (si-NC), si-IRS1-3 in GM at 24 h (D) and 48 h (E), respectively. **(F, G)** Myf5 (28 kDa; 1:1000 dilution), MyoG (25 kDa; 1:1000 dilution), and Mef2c (51 kDa; 1:1000 dilution) protein expression was examined after transfection with siRNA control (si-NC), si-IRS1-3 in DM at D2 (F) and D3 (G). β-tubulin (55 kDa; 1:1000 dilution) was used as an internal control. D2, 3 indicate DM for 2 and 3 days. **(H)** Representative images of EdU assays of C2C12 myoblasts at 24 h after transfection with siRNA control (si-NC), si-IRS1-3. Bars, 100 μm. **(I)** Quantification of EdU-positive cells (n=6). The results are shown as the mean ± SEM of three independent replicates. One-way ANOVA and t-tests were used for statistical analysis. Asterisks indicate significant differences. \* *P*\<0.05, \*\* *P*\<0.01](ijbsv14p0760g007){#F7}

###### 

Primer information for miRNA and mRNA quantitative reverse transcription

  Gene                       Primer Name              Primer Sequence (5\' to 3\')
  -------------------------- ------------------------ ---------------------------------
  miR-487b-3p                Stem-loop                GTCGTATCCAGTGCAGGGTCCGAGGTATTCG
  RT-miR-487b-3p^1^          CACTGGATACGACAAGTGGAT    
  miR-487b-3p Stem-loop -F   AATCGTACAGGGTCATC        
  miR-487b-3p Stem-loop -R   GTGCAGGGTCCGAGGT         
  18S-rRNA                   18S-rRNA-F               GTGGTGTTGAGGAAAGCAGACA
  18S-rRNA-R                 TGATCACACGTTCCACCTCATC   
  Myf5                       Myf5-F                   TGAAGGCTCCTGTATCCCCT
                             Myf5-R                   GAAGGCTGCTACTCTTGGCT
  Mef2c                      Mef2c-F                  AGCACTGACAAAGGTCTGGT
                             Mef2c-R                  TCCCTCTGCACAAGTGTCTG
  MyoG                       MyoG-F                   GAGACATGAGTGCCCTGACC
                             MyoG-R                   AGGCTTTGGAACCGGATAGC
  MyoD                       MyoD-F                   GCTCTGATGGCATGATGGAT
                             MyoD-R                   CACTGTAGTAGGCGGTGTCG
  Pax7                       Pax7-F                   GCTGCCGGATCTTACCTACC
                             Pax7-R                   CCAGCACAGCGGAGTGTTCC
  PCNA                       PCNA-F                   TGAACCTCACCAGCATGTCCAAAAT
                             PCNA-R                   TTCAAATACTAGTGCCAACGTGTCCG
  IRS1                       IRS1-F                   AGAACGAGAAGAAGTGGCGG
                             IRS1-R                   GCCTTTGCCCGATTATGCAG
  β-actin                    β-actin-F                GGCACCACACCTTCTACAATG
                             β-actin-R                GGGGTGTTGAAGGTCTCAAAC

^1^ Stem-loop RT-miR-487b-3p was applied for reverse transcription of miR-487b-3p.

###### 

Primers used to construct the plasmid

  ----------------------------------------------------------------------------------------------------------------
  Gene                Primer Name                                  Primer Sequence (5\' to 3\')
  ------------------- -------------------------------------------- -----------------------------------------------
  pcDNA3.1(+)\        Pre-miR-487b-3p-F                            *CCCAAGCTT*CACTAACCCTCAGCGTCTAA
  -miR-487b-3p                                                     

  Pre-miR-487b-3p-R   *GCTCTAGA*TAAGTGTCAGAGGCGGGAT                

  Wild-IRS1           Wild-IRS1-F                                  [CCGCTCGAG]{.ul}ACCTCAGCAAATCCTCCTT

  Wild-IRS1-R         [ATAAGAATGCGGCCGC]{.ul}CCAACGCAACAGTTCCATA   

  Mutant-IRS1         Mutant-IRS1-F                                [CCGCTCGAG]{.ul}TCAGTAGATGGATGGATGCACCCATTTCA

  Mutant-IRS1-R       [ATAAGAATGCGGCCGC]{.ul}CCAACGCAACAGTTCCATA   
  ----------------------------------------------------------------------------------------------------------------

Note: *Hind*III and *Xba*I restriction sites are italicized; *Xho*I and *Not*I restriction sites are underlined.

###### 

Sequence information for RNA oligonucleotides

  Name          Sequence Name              Sequence Information (5\' to 3\')
  ------------- -------------------------- ------------------------------------
                miR-487b-3p mimics         AAUCGUACAGGGUCAUCCACUU (sense)
                                           GUGGAUGACCCUGUACGAUUUU (antisense)
  miR-487b-3p   miR-487b-3p NC             UUCUCCGAACGUGUCACGUTT (sense)
                                           ACGUGACACGUUCGGAGAATT (antisense)
                miR-487b-3p Inhibitors     AAGUGGAUGACCCUGUACGAUU
                miR-487b-3p Inhibitor NC   CAGUACUUUUGUGUAGUACAA

[^1]: Competing Interests: The authors have declared that no competing interest exists.
